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Abstract 
Cattle are a rnajor reservoir of Escherichia coli 0157:H7, an irnportant zoonotic pathogen that 
causes hernorrhagic colitis and hernolytic urernic syndrorne (HUS). Colonization of cattle 
occurs predorninantly in the large intestine, and rnay especially target follicle-associated 
epithelium (FAE) in the terminal rectum. Bacterial colonization involves induction of attach- 
ing-effacing (A/E) lesions, rnediated by type I11 secreted proteins and an outer rnernbrane 
protein called intirnin. ToxB, encoded on plasrnid p0157, contributes to adherence of E. coli 
0157:H7 through prornotion of the production and/or secretion of type I11 secreted proteins. 
I'roduction of type 111 secreted proteins and intestinal colonization appear to involve quo- 
rum-sensing mechanisms. In the human host, E. coli 0157:H7 rnay have a preference for FAE 
in the distal srnall intestine. The H7 flagellum induces production of chernokines such as 
interleukin 8, and neutrophilic infiltration of the intestinal mucosa, which in turn rnay 
enhance Sl~iga toxin (Stx) uptake across the intestinal epithelium. Both Stx and cytokine 
responses play critical roles in the induction of the vascular lesions that underlie hernor- 
rl~agic colitis and HUS. In cattle, Stx binds to intestinal crypt cells and submucosal 
lymphocytes but not vascular endothelium. The role played by Stx in cattle rnay be to sup- 
press mucosal irnmunity, yet enhance other effects that promote intestinal colonization. 
Keywords: Escherlchia coli; enterohemorrhagic strains; 0157:H7; colonization; virulence 
Introduction 
Escherichia coli 0157:H7 is an irnportant cause of hern- 
orrl~agic colitis and the potentially fatal post-diarrheal 
sequela known as hernolytic urernic syndrorne (HUS) 
(Levine, 1987; Nataro and Kaper, 1998). E. coli 0157:H7 
is the prototype of E. coli strains belonging to the diar- 
rheagenic class known as enterohernorrhagic (EHEC) 
(Nataro and Kaper, 1998). E. coli 0157:H7 and other E. 
coli strains classified as EHEC or Shiga toxin-producing 
E. coli (STEC) express variants of Shiga toxin (Stx), also 
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known as verotoxin or verocytotoxin and formerly 
known as Shiga-like toxin (Levine, 1987; O'Brien and 
Holmes, 1987; O'Brien and Kaper, 1998; I'aton and 
I'aton, 1998). Stx is produced by Shigella dysenteriae 
type 1; variants produced by E. coli 0157:H7 and other 
STEC rnay include Stxl, Stx2, Stx2c, Stx2d and Stx2e 
(Cantey, 1985; O'Brien and Holmes, 1987; Melton-Celsa 
and O'Brien, 1998; O'Brien and Kaper, 1998; I'aton and 
I'aton, 1998). The terrn EHEC was originally coined to 
denote strains that cause hernorrhagic colitis and HUS, 
express high levels of Stx, cause lesions in intestinal 
epithelial cells known as attachingyeffacing (A/E), and 
possess a specific 60-MDa EHEC plasrnid (Levine, 1987; 
Nataro and Kaper, 1998). Stx is a potent cytotoxin that 
plays a key role in the induction of vascular lesions and 
other pathogenetic events that characterize hernorrl~agic 
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colitis and HUS. The term STEC refers to any E. coli 
strain that produces Stx, but not all STEC strains are 
believed to be pathogens (Nataro and Kaper, 1998; 
I'aton and I'aton, 1998). Enteropathogenic E. coli (EI'EC) 
strains constitute a separate class of diarrheagenic E. coli 
related to EHEC in that they cause A/E lesions, but do 
not express Stx (Nataro and Kaper, 1998). E. coli 
0157:H7 is thought to have evolved from an EI'EC 
055:H7 ancestor, first by acquiring Stx genes, and then 
by diverging into two branches. One branch became a 
P-glucuronidase- and sorbitol-negative 0157:H7 clone 
that spread worldwide, and the other lost motility, lead- 
ing to the 0157:H- clone that has become an increasing 
public health problem in Europe (Feng et al., 1998; 
Donnenberg and Whittarn, 2001). 
In 1999, investigators at the Centers for Disease 
Control and I'revention (CDC) estimated that 73 480 
people per year in the USA were infected with E. coli 
0157:H7 and 61 of these cases were fatal (Mead et al., 
1999). Most cases of E. coli 0157:H7 illness are attribut- 
able to food-borne infection (Armstrong et al., 1996); 
however, acquisition of disease via direct contact with 
anirnals and manure at petting zoos and dairy farms is 
of increasing concern (Crump et al., 2002; Heuvelink et 
al., 2002; Duffy, 2003). Arnong E. coli 0157:H7 food- 
borne outbreaks in 1999, one-third were due to beef; 
historically, undercooked ground beef is the most corn- 
rnon vehicle (Griffin et al., 2000). More recently, ground 
beef remains the most frequently identified vehicle, 
although produce is an increasingly recognized source 
of outbreaks (Breuer et al., 2001; Griffin, 2003). A 
case-control study of sporadic E. coli 0157:H7 infec- 
tions in five FoodNet sites (California, Connecticut, 
Georgia, Minnesota and Oregon) found that consump- 
tion of pink l~arnburgers at 11orne or in restaurants is a 
risk factor for E. coli 0157:H7 infection (Kassenborg et 
al., 2004). Microbiological testing of ground beef patties 
from a large outbreak that occurred in the I'acific 
Northwest between Novernber 1992 and February 1993 
suggested that the infectious dose for E. coli 0157:H7 is 
fewer than 700 organisms (Tuttle et al., 1999). These 
findings presented a strong argument for enforcing zero 
tolerance for this organisrn in processed food and for 
rnarkedly decreasing contarnination of raw ground beef 
(Tuttle et al., 1999). A major source of the bacteria in 
ground beef is thought to be bovine feces, which con- 
taminates carcasses before evisceration; the organisrn is 
thought to be spread from contaminated hides to the 
surfaces of carcasses at slaughter (Elder et al., 2000; 
Barkocy-Gallagher et al., 2001, 2002; Keen and Elder, 
2002; McEvoy et al., 2003; Nou et al., 2003). In addition 
to feces and hides, STEC 0157 has also been isolated 
from the oral cavities of cattle (Keen and Elder, 2002). A 
novel pen-sampling strategy for E. coli 0157:H7 was 
developed on the basis of cattle rubbing, chewing and 
licking devices place over feed bunks and water tanks 
(Smith et al., 2004a). 
E. coli 0157:H7 is shed in bovine feces and, based on 
detection of the organisrn in fecal samples, the preva- 
lence in cattle is relatively high in the USA (Elder et al., 
2000; Gansheroff and O'Brien, 2000; Srnit11 et al., 2001; 
Sargeant et al., 2003; LeJeune et al., 2004). Whereas epi- 
derniological studies conducted in the early 1990s had 
suggested that the prevalence of E. coli 0157:H7 in beef 
and dairy cattle was relatively low (0.3-2.2%; Griffin and 
Tauxe, 1991; Blanco et al., 19931, more recent studies 
using more sensitive culture rnethods have shown that 
the prevalence, at least in USA beef cattle, is much 
higher (Elder et al., 2000; Gansheroff and O'Brien, 2000; 
Srnit11 et al., 2001). In one study conducted during 
October and Novernber 1997, the prevalence in wean- 
ling range calves based on fecal culture was 87% of 
herds, and 7% in calves in positive herds (Laegreid et 
al., 1999). In the same study, serologic investigation 
showed that 83% of calves and 100% of herds tested 
positive for antibodies to E. coli 0157 (Laegreid et al., 
1999). In Midwestern US beef feedlots, the prevalence 
during June to September 1999 based on fecal culture 
(rectal contents samples) was 23% (719 of 3163 sarnples 
positive; Srnit11 et al., 2001). In a study conducted in 
Midwestern US abattoirs during July and August 1999, 
72% of lots (21 of 29) and 28% (91 of 327) of individual 
cattle (rectal contents samples) were positive (Elder et 
al., 2000). In a recent study conducted in Midwestern 
US beef feedlots involving 10 662 fecal samples, 10.2% 
were positive for E. coli 0157 (Sargeant et al., 2003). In 
another study conducted between April and September 
2000, 13% (636 of 4790) of fecal pat sarnples from the 
pen floors were positive (LeJeune et al., 2004). 
E. coli 0 1  57:H7 colonization of the intestinal tracts 
of cattle and other ruminants 
E. coli 0157:H7 naturally colonizes the gastrointestinal 
tracts of cattle and is found in the highest numbers in 
the large intestine, and especially the rectum (Cray and 
Moon, 1995; Grauke et al., 2002; Naylor et al., 2003). 
The ability of the organisrn to colonize the intestine 
appears to require attachment to intestinal epithelial 
cells with induction of A/E lesions, a process dependent 
upon the expression of intirnin by the organisrn 
(Donnenberg et al., 1993; McKee et al., 1995; Dean- 
Nystrorn et al., 1998). E. coli 0157:H7 causes A/E lesions 
in a variety of anirnal models, e.g. infant rabbits, post- 
weaned rabbits, neonatal piglets (gnotobiotic and 
colostrum-deprived) and neonatal calves (gnotobiotic 
and colostrum-fed) (Dean-Nystrorn et al., 1997, 2002; 
Moxley and Francis, 1998; Woods et al., 2002). Deer, 
goats and sheep are also naturally infected with E. coli 
0157:H7, and the last have been used as a model of 
ruminant infection (Kudva et al., 1995; Bielaszewska et 
al., 1997; Cl~aprnan and Ackroyd, 1997; Cornick et al., 
2000, 2002; Fischer et al., 2001). 
E. coli 0157:H7: intestinal colonization and virulence 
The duration of tirne that naturally infected cattle shed 
detectable levels of E. coli 0157:H7 in the feces is highly 
variable. The length of detectable fecal shedding is influ- 
enced by the detection method, with sensitive rnetllods 
rnore likely to detect longer periods of shedding (Cray 
and Moon, 1995; Brown et al., 1997; Moxley, 2003). 
Besser et al. (1997) reported that fecal shedding of E. 
coli 0157:H7 by cattle, at least at detectable levels, is a 
relatively transient event. These authors reported that a 
typical duration was approximately 1 month, and 63% of 
cattle tested in their study had detectable excretion of 
the organisrn for less than 1 rnonth (Besser et al., 1997). 
Khaitsa et al. (20031, in a longitudinal study of naturally 
infected cattle in a feedlot, described the occurrence of 
pre-epidemic, epidernic and postepidernic periods. They 
found that the rnean duration of shedding was longest 
(4.5 weeks) during the epidernic period. 
Naylor et al. (2003) found that the lyrnphoid follicle- 
dense mucosa in the terrninal rectum is a principle site 
of colonization in cattle by E. coli 0157:H7. They noted 
that the organisrn attaches to epithelial cells in this 
region and induces typical A/E lesions. Hence, the abil- 
ity of the organisrn to attach to rectal mucosal epithelial 
cells through A/E lesion developrnent is thought to 
enable colonization and a prolonged duration of shed- 
ding in the feces (Naylor et al., 2003). Inoculum dose, 
age, diet, irnmunity and other factors could also poten- 
tially affect colonization (Cray and Moon, 1995; Brown 
et al., 1997; Khaitsa et al., 2003). Rice et al. (2003) noted 
that anirnals are fecal culture-positive for longer (230 
days) or shorter durations (<I0 days), and interpreted 
that longer durations represent colonized anirnals 
whereas shorter durations represent transient carriers. 
These authors developed a recto-anal mucosal swal-, cul- 
ture rnetllod to detect colonization of the terrninal 
rectum (Rice et al., 2003). 
Cray and Moon (1995) reported that a relatively high 
inoculum dose [>lo' and probably 210' colony-forming 
units (c.f.u.11 of in uitmgrown E. coli 0157:H7 was 
required to infect 1- and 3-year-old adult cattle. 
I-'reweaned, 3- to 14-week-old calves inoculated with lo1' 
c.f.u. shed greater numbers of detectable organisms 
(c.f.u./g), and shed for a longer duration than adult cattle 
given the sarne level of inoculum (Cray and Moon, 1995). 
Calves were fecal culture-positive for 2-27 weeks after 
inoculation, whereas adults were positive for 2-14 weeks 
(Cray and Moon, 1995). The feces of naturally infected, 
culture-positive weanling range calves were found to con- 
tain relatively high numbers of E. coli 0157:H7, on the 
average, 4 x 10; to 1.3 x 10' c.f.u./g (Laegreid et al., 1999). 
Using a rnost probable number (MI'N) culture rnethod and 
automated irnmunornagnetic separation, Fegan et al. 
(2003) detected 3 MI-'N/g to 2.4 X 10' MI-'N/g in the feces 
of naturally infected cattle (<3 MI-'N/g were undetectable). 
The geometric rnean MI'N count of E. coli 0157 in grain- 
fed cattle was 130 MI-'N/g, whereas that for pasture-fed 
cattle was 13 MI-)N/g ( P  = 0.06; Fegan et al., 2003). 
Locus of enterocyte effacement 
A/E lesion developrnent involves a cornplex series of 
signal transduction events, host cell cytoskeletal 
rearrangements, and forrnation of pedestals at the bacte- 
rial attachrnent sites (Valiance and Finlay, 2000). The 
effector rnechanisrn by which EHEC and EI'EC induce 
forrnation of A/E lesions involves proteins encoded by 
genes on a large pathogenicity island (I'AI) terrned the 
locus of enterocyte effacement (LEE) (Nataro and Kaper, 
1998). The LEE I'AI and its protein products have been 
studied extensively. The LEE comprises 41 open reading 
frarnes organized in five rnajor operons, LEE1, LEE2, 
LEES, tir (LEES) and LEE4. Included in the LEE are sep 
and a c  genes, encoding a type 111 secretion system; the 
eae gene, encoding intirnin; tir, encoding the translo- 
cated intirnin receptor; the apABD genes, which encode 
proteins that are secreted by the type 111 secretion sys- 
tern; and ler (LEE-encoded regulator), which encodes an 
H-NS-like protein that activates the expression of the 
LEE genes (Nataro and Kaper, 1998). 
Genes on the LEE are subject to cornplex regulatory 
mechanisms. In EI'EC, the plasmid-encoded regulator 
I'er activates the LEE1, LEE2, LEE3 operons and mod- 
estly increases the expression of the LEE4 operon 
(Mellies et al., 1999). In EI'EC and EHEC, the first gene 
of the LEE1 operon encodes Ler, which is essential for 
the expression of the LEE genes (Mellies et al., 1999; 
Elliott et al., 2000; Sperandio et al., 2000). Ler directly 
binds to the upstream regulatory region of LEE2, which 
is downstream of LEES, to activate transcription of both 
the LEE2 and LEE3 operons (Sperandio et al., 2000). Ler 
up-regulates both intirnin and eae-independent adher- 
ence of STEC 0157 to epithelial cells (Ogierman et al., 
2000). The transcription of ler required for LEE-encoded 
gene expression in E. coli 0157:H7 is promoted in 
response to NaHCO; in Lurid-Bertani broth (Abe et al., 
2002). Since the concentration of NaHCO; in the lower 
intestinal tract is relatively high cornpared with that in 
the upper srnall intestine, the NaHCO; rnay be an 
irnportant signaling factor for promoting colonization of 
EHEC in the lower intestinal tract in humans (Abe et al., 
2002). Quorum-sensing rnechanisrns also appear to play 
an irnportant role in the regulation of expression of fac- 
tors involved in colonization and virulence (discussed 
below). 
One of the first LEE products recognized was the 
outer rnernbrane protein known as Eae (E. coli attaching 
and effacing) or intirnin (Jerse et al., 1990). A high per- 
centage of STEC strains in cattle harbor eae sequences 
(Wieler et al., 1996). Intirnin rnediates intimate bacterial 
attachrnent to intestinal epithelial cells and is produced 
by all bacteria that induce A/E lesions, e.g. E. coli 
0157:H7, other EHEC, EI'EC, Hafnia aluei and 
Citrohacter rodentiurn (Donnenberg et al., 1993; McKee 
et al., 1995; Dean-Nystrorn et al., 1998; Nataro and 
Kaper, 1998). A eukaryotic cell-binding dornain is 
18 
located within a 280-arnino acid carboxy terminus of 
intirnin polypeptides (Int2801, and arnino acid sequence 
and antigenic variation exists within this cell-binding 
dornain expressed by different EI'EC and EHEC isolates 
(Adu-Bobie et al., 1998). Numerous intirnin subtypes 
have been described, e.g. al,a,, P, y, 6, K, E, 0, q,  h, F, 
v, and 5; these subtypes are produced by specific 
EHEC and EI'EC serotypes (Adu-Bobie et al., 1998; 
Oswald et al., 2000; Zl~ang et al., 2002; Rarnachandran et 
al., 2003). E. coli 0157:H7 specifically produces intirnin- 
y (Adu-Bobie et al., 1998). 
The particular intirnin subtype produced by a given 
A/E E. coli serotype influences tissue tropism in the 
intestine. In gnotobiotic piglets, EHEC strains expressing 
intirnin-a produced A/E lesions in both the srnall and 
large intestines, whereas strains expressing intirnin-y 
produced only large intestinal lesions (Tzipori et al., 
1995). E. coli 0157:H7 causes A/E lesions in mucosal tis- 
sue explants frorn the ileum, colon and rectum of cattle, 
and the srnall intestines of humans (Baehler and Moxley, 
2000, 2002; I-'hillips et al., 2000; Fitzhenry et al., 2002). E. 
coli 0157:H7 adherence to human srnall intestinal 
explants was restricted to follicle-associated epithelium 
(FAE) of ileal I'eyer's patches (I-'hillips et al., 2000). In 
human srnall intestinal explants, A/E E. coli strains 
expressing intirnin-a (e.g. EI'EC 0127:H6) adhere to and 
colonize srnall intestinal epithelium and I'eyer's patch 
FAE, whereas adherence and colonization by strains 
expressing intirnin-y (e.g. EHEC 0157:H7 and EI'EC 
055:H7) is restricted to I'eyer's patch FAE (I-'hillips et al., 
2000; Fitzhenry et al., 2002). A/E E. coli strains geneti- 
cally engineered to produce intirnin-y target I'eyer's 
patch FAE, whereas those engineered to produce 
intirnin-a adhere to and colonize srnall intestinal epithe- 
lium in human intestinal explants (I-'hillips and Frankel, 
2000; I-'hillips et al., 2002). 
EI'EC and EHEC bacteria secrete a protein called Tir 
(translocated intirnin receptor, also called EspE) which is 
injected into the host cell and becomes the receptor for 
intirnin (Kenny and Finlay, 1995; Kenny et al., 1997; 
Deibel et al., 1998; DeVinney et al., 1999). The critical 
role of the intirnin-Tir interaction in binding of the EHEC 
and EI'EC bacteria to the host cell during infection has 
been firrnly substantiated through studies involving inac- 
tivation of the tir gene (Kenny et al., 1997; DeVinney et 
al., 1999). However, the pattern of phosphorylation of 
EHEC 0157:H7 Tir after injection into the host cell is dif- 
ferent frorn that of EI'EC Tir, and this suggests 
differences in the function of these proteins within the 
eukaryotic cell (DeVinney et al., 1999). 
Other studies have suggested that intirnin rnay bind to 
eukaryotic host cell surface proteins, and this interaction 
rnay possibly play a role in infection. Intirnin expressed 
by EI'EC binds to P1 integrins, and intirnin-y expressed 
by E. coli 0157:H7 binds to nucleolin (Frankel et al., 
1996; Sinclair and O'Brien, 2002). Antibodies raised 
against nucleolin significantly reduced binding of EHEC 
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0157:H7 to HEp-2 cells, with the reduction in adherence 
rnost evident when antibodies were added before or at 
the tirne of bacterial infection (Sinclair and O'Brien, 
2002). These results were interpreted to rnean that the 
proposed interaction between intirnin-y and nucleolin 
could occur early in the infectious process. However, 
the role of these proposed interactions between intirnin 
and host cell surface proteins in intestinal colonization is 
currently unknown. 
I'roteins called Esp (E. coli-secreted protein) are also 
expressed by genes on the LEE I'AI and play a rnajor 
role in the pathogenesis of A/E lesion development. 
Several proteins called Esc (E. coli secretion apparatus) 
that are encoded by genes on the LEE I'AI are compo- 
nents of a type I11 secretion systern through which 
EspA, EspB, EspD, EspF and Tir are secreted, and are 
also expressed by genes on the LEE I'AI (Nataro and 
Kaper, 1998; Roe et al., 2003a). Another protein, called 
I'as (protein associated with secretion), is required for 
secretion of the Esp proteins, although its exact role 
has yet to be elucidated (Kresse et al., 1998). EspA is a 
rnajor cornponent of a large filamentous organelle that 
is transiently present on the bacterial surface and inter- 
acts with the host cell during the early stage of A/E 
lesion forrnation (Frankel et al., 1998). EspA filarnents 
rnay contribute to bacterial adhesion, but their role in 
the forrnation of the translocation apparatus and the 
translocation of EspB, EspD and Tir to host cells 
appears to be rnore irnportant (Ebel et al., 1998; 
Frankel et al., 1998; Kenny et al., 1997; Knutton et al., 
1998). EspA filarnents are produced transiently and 
their loss frorn the surface of the bacterial cell poten- 
tially allows the subsequent interaction of intirnin and 
Tir (Knutton et al., 1998). The highest proportions of 
EspA-filarnented bacteria are detected in late exponen- 
tial phase, after which they are lost rapidly frorn the 
bacterial cell surface (Roe et al., 2003b). The propor- 
tion of the bacterial population expressing EspA 
filarnents is associated with the level of EspD secretion, 
and heterogeneous surface expression of EspA fila- 
rnents is controlled at the post-transcriptional level 
(Roe et al., 2003b). While specific environmental condi- 
tions are required to induce expression of espADB, a 
post-transcriptional control rnechanisrn also exists 
before EspA filarnents are produced on the bacterial 
surface and effector proteins [e.g. Tir and mitochon- 
drion-associated protein (MAl')] are secreted (Roe et 
al., 2003b). On average, isolates of E. coli 0157:H7 
frorn humans had 90-fold greater EspD secretion levels 
than those frorn cattle, suggesting that strains causing 
disease in humans represented a rnore virulent subset 
of the bovine population (McNally et al., 2001). This 
observation was taken as evidence in support of 
another study that had proposed different E. coli 0157 
lineages in cattle and humans (Kirn et al., 1999). 
Contact of the bacterium with the host cell stimulates 
expression of the LEE-encoded proteins and assernbly of 
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epithelia of adult cattle are also still susceptible to A/E 
lesions induced i n  uiuo by E. coli 0157:H7. To address 
this question, Baehler and Moxley (2000) prepared 
mucosal epithelial explants frorn the descending colon 
and rectum of 18-month-old adult steers and inoculated 
them with E. coli 0157:H7. A/E lesions were seen at the 
bacterial attachment sites, confirming the susceptibility 
of adult tissue to these lesions and providing evidence 
that the large intestinal mucosal epithelium may be a 
site of infection that contributes to carriage of E. coli 
0157:H7 in adult cattle. I'hillips et al. (2000) found sirni- 
Par results in ileal mucosal organ cultures prepared frorn 
an adult cow, and also demonstrated that E. coli 
0157:H7 induces A/E lesions in follicle-associated 
epithelium overlying the I'eyer's patches in human ileal 
tissue. Although these studies collectively suggested that 
adult cattle were susceptible to E. coli 0157:H7-induced 
A/E lesions, these lesions had not been detected i n  uiuo 
in adult cattle infected with E. coli 0157:H7 until 
recently (Naylor et al., 20031. 
Non-LEE-encoded colonization factors 
Other factors besides LEE-encoded proteins play a role 
in intestinal colonization by EHEC and EI'EC, hut they 
are much less well understood (Torres and Kaper, 2003). 
The fact that intirnin-negative strains can still cause 
bloody diarrl~ea or HUS in human patients stitnulated 
the search for additional adherence factors expressed by 
E. coli 0157:H7 and other STEC strains. Several proteins 
have been proposed as novel adhesion factors, includ- 
ing 11122 (IrgA hornologue adhesin), implicated in 
adherence to HeLa cells when exposed to E. coli K-12 
(Tarr et al., 2000); Saa (STEC autoagglutinating adhesin), 
produced by LEE-negative non-0157 STEC strains 
(I'aton et al., 2001); and Efa-1 (EHEC factor for adher- 
ence), an adhesin produced by non-0157 EHEC strains 
which is necessary for adhesion to Chinese hamster 
ovary (CHO) cells i n  uitro, hernagglutination, autoaggre- 
gation, and colonization of the bovine intestine (Nicholls 
et al., 2000; Stevens et al., 2002~). 
The efal gene is present in almost all A/E pathogens, 
but is not required for A/E lesion formation (Badea et 
al., 2003). The efal gene was originally detected in a 
clinical EHEC 0 1  1 l : H  isolate during transposon muta- 
genesis studies and screening for reduced adherence to 
cultured CHO cells (Nicholls et al., 2000). In this study, 
207 E. coli isolates representing a range of pathotypes 
and serotypes were investigated for the presence of 
efal gene sequences. None of the 91 eae-negative, but 
all 116 eae-positive E. coli isolates were positive for 
efal; however, the efal gene was not physically linked 
to the LEE I'AI in any of the latter isolates. E. coli 
0157:H7 strains contain a truncated version of the efal 
gene encoding the N-terminal 433 amino acids of the 
protein on the chrornosorne, whereas sorbitol-positive 
E. coli 0 1 5 7 : H  strains contain the intact gene (I'erna et 
al., 2001; Hayashi et al., 2001; Janka et al., 2002; 
Stevens et al., 2002~). In addition, E. coli 0157:H7 
strains encode a hornologue of Efal called ToxB [L7095 
open reading frame (ORF)] on the pol57 virulence 
plasrnid (Burland et al., 1998; Tatsuno et al., 2001). The 
L7095 ORF displays 28% amino acid sequence identity 
to the l $ 4  gene in EI'EC, which encodes a lymphocyte 
inhibitory factor (LIF) called lyrnphostatin (Klapproth 
et al., 2000). 
Efal, lyrnphostatin and ToxB are l~ornologues in EI'EC 
and EHEC that appear to mediate multiple functions, but 
most notably host cell adherence and irnmunosuppres- 
sive effects. Efal is required for efficient colonization of 
the bovine intestinal tract by STEC 0 5  and 0111, since 
@a1 deletion and insertion mutants were shed in the 
feces in significantly lower numbers in experimentally 
infected 4- and 11-day-old conventional calves (Stevens 
et al., 2002~). Lysates obtained frorn a prototypic B. coli 
0157:H7 strain inhibited interleukin (1L)-2 and IL-4 pro- 
duction by mitogen-stimulated murine lymphoid cells 
(Malstrorn and James, 1998). EPEC lyrnphostatin inhib- 
ited human peripheral blood lymphocyte proliferation; 
in addition, it inhibited production of IL-2, -4 and -5 
and interferon-y by human peripheral and lamina pro- 
pria mononuclear cells, and proliferation of these cells 
(Klapproth et al., 2000). An E. coli 0157:H7 strain cured 
of pol57 lacked the ability to inhibit IL-2 and IL-4 syn- 
thesis in mitogen-activated human peripheral blood 
mononuclear cells (Klapproth et al., 2000). Stevens et al. 
(2002b) noted that Efal, at least in EHEC 0 5  and 0111, 
rnay potentially influence bovine intestinal colonization 
in several ways; e.g. by potentially act as an adhesin, 
promoting EHEC survival in the bovine gut by modulat- 
ing mucosal immunity, or acting indirectly by 
influencing the expression and secretion of LEE-encoded 
proteins or other membrane-associated proteins that 
influence colonization. 
Whether the Efal hornologue ToxB and the truncated 
@a1 gene on the chromosome of E. coli 0157:H7 play 
roles in intestinal colonization by this organism is uncer- 
tain; however, there is evidence to suggest an effect. 
Transposon insertion upstream of the truncated @a1 
gene in E. coli 0157:H7 reduced bacterial adherence to 
Caco-2 (human colonic carcinoma) cells (Tatsuno et al., 
2000). A pOl57-cured strain of E. coli 0157:H7 had a 
reduction in the levels of production and secretion of 
EspA, EspB and Tir, concurrent with a reduction in the 
number of microcolonies adherent to Caco-2 cells 
(Tatsuno et al., 2001). Introduction of a mini-pol57 
plasrnid composed of the toxB and ori regions restored 
the full production and secretion of the LEE-encoded 
proteins, and full adherence capacity to the p0157- 
cured strain. ToxB was interpreted to contribute to 
adherence of EHEC to epithelial cells thorough prorno- 
tion of the production and/or secretion of type I11 
secreted proteins (Tatsuno et al., 2001). 
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Effects of Shiga toxins and flagellin on colonization 
and virulence 
The importance of Stxs in the causation of hernorrhagic 
colitis and HUS in humans is without question, but their 
contribution to EHEC-induced diarrhea and intestinal 
inflarnrnation is less well understood. Early studies by 
Keusch et al. (1972) showed that Stx (produced by 
Shigella dysenteriae type 1) has enterotoxigenic effects 
in rabbit ileal loops. Keenan et al. (1986) dernonstrated 
that purified Stx or Stxl (the latter produced by E. coli 
0157:H7) injected directly into ligated ileal loops in 
adult rabbits caused apoptosis of mature absorptive 
epithelium with resultant villous atrophy. More recent 
studies have shown that Stxl causes apoptosis of HEp-2 
(human laryngeal carcinorna) and HCT-8 (intestinal 
epithelial) cells (Ching et al., 2002; Srnit11 et al., 2003). 
However, parenterdl adrninistration of Stxs causes vdscu- 
lar lesions in different anirnal rnodels that resernble 
hernorrhagic colitis and HUS (Moxley and Francis, 1998; 
Siegler et al., 2001). Stxs given intravenously or by other 
parenteral routes of adrninistration in anirnal rnodels 
cause hernorrhagic infarction of the intestine, and this is 
another explanation for how they can cause intestinal 
cornprornise and diarrhea (Richardson et al., 1992; 
Moxley and Francis, 1998). 
In susceptible cells, Stxs bind to globotriaosylce- 
rarnide (Gb3) receptors, are endocytosed, and cause 
inhibition of protein synthesis and cell death (O'Brien 
and Holmes, 1987; Lingwood et al., 1998). In humans, 
Gb3 is rnainly found on the surfaces of endothelial cells 
following stirnulation with inflarnrnatory rnediators and 
Stx has been shown to induce apoptosis of these stirnu- 
lated cells (van de Kar et al., 1992; van Setten et al., 
1997; I'ijpers et al., 2001). In an adult rabbit model, 
radiolabeled Stxl injected intravenously localized in the 
vascular endothelium in the sarne organs in which Gb3 
was expressed (Richardson et al., 1992). In a baboon 
model, intravenous adrninistration of Stxl induced the 
clinical features of HUS (Siegler et al., 2001). 
Greyhounds injected with purified Stxl or Stx2 devel- 
oped hernorrhagic necrosis in the srnall and large 
intestinal mucosa, renal lesions, and thrornbocytopenia 
and anernia without evidence of disseminated intra- 
vascular coagulation (Fenwick and Cowan, 1998). 
The fact that E. coli 0157:H7 and other STEC infect 
the intestine has raised the question of how Stxs travel 
frorn the intestinal lumen to vascular targets in the brain, 
kidney and colon in humans (Acheson et al., 1996). In 
humans, Stxs rnay be translocated across the intestinal 
epithelium without apparent cellular disruption, and 
absorbed into the systernic circulation (Acheson et al., 
1996, 1998). In one study, Stx2 was detected in nine of 
ten patients with epidemic HUS, and in these cases the 
toxin was bound exclusively to polymorphonuclear 
leukocytes (I'MN) (Maroeska et al., 2001). The detection 
of Stx2 bound to I'MN was associated with the presence 
of diarrhea at the tirne the blood sarnples were obtained. 
Experirnentally, Stxl, when incubated in whole blood, 
binds rapidly and cornpletely to human I'MN and not to 
other components of blood (I\/laroeska et al., 2000). 
These studies support the hypothesis that, in humans, 
I'MN serve as a carrier for Stx in the circulation frorn the 
intestine to target organs. 
Stxs induce CXC cl~ernokine production in human 
endothelial and intestinal mucosal epitl~elial cells, and 
these effects, through induction of I'MN infiltration into 
the intestinal epithelium, are thought to promote intes- 
tinal epitl~elial darnage and enhanced Stx uptake into 
the systernic circulation (Thorpe et al., 2001). Intestinal 
epitl~elial cells frorn mice, humans and certain irnmortal- 
ized cell lines (e.g. human colonic T84 cells) do not 
express Gb3 and are resistant to the cytotoxic effects of 
Stxs (Tesh et al., 1993). However, proinflarnrnatory 
cytokines, e.g. IL-1 and tumor necrosis factor a (TNF-a) 
can induce the expression of Gb3 on the surfaces of 
human glornerular epithelial cells. Hence, inflarnrnatory 
cytokines released during infection i n  uiuo could result 
in epitl~elial Gb3 expression. Stxs induce and superin- 
duce IL-8 rnRNA and protein in intestinal epitl~elial cells 
i n  uitro via a ribotoxic stress response (Thorpe et al., 
1999). Multiple rnernbers of the CXC cl~ernokine farnily 
are induced in response to Stxl, including GRO-a, 
GRO-P, GRO-y and ENA-78 (Thorpe et al., 2001). In 
addition, exposure of intestinal epitl~elial cells i n  uitro to 
Stxl induces the prirnary response genes c-jun and c-fos 
and activates the stress-activated protein kinases 
JNK/SAI'K and p38 (Smith et al., 2003). These data 
linked the Stxl-induced ribotoxic stress response with 
both cl~ernokine expression and apoptosis in the intes- 
tinal epitl~elial cell line HCT-8 and suggested that 
blocking host cell mitogen-activated protein kinases rnay 
prevent these Stx-associated events (Smith et al., 2003). 
Srnit11 et al. (2003) suggested that the blocking of 
specific host signal transduction pathways in the gut 
rnay be a rneans by which both Stx-induced host 
irnmune activation and apoptosis can be diminished. 
Although Stxs are capable of inducing CXC 
cl~ernokine responses, the elevated responses seen in 
cells infected with certain STEC strains are largely attrib- 
utable to the production of flagellin (Rogers et al., 2003). 
Berin et al. (2002) dernonstrated that much of the IL-8 
response elicited by an EHEC 0157:H7 strain they stud- 
ied was attributable to the presence of H7 flagellin. 
Rogers et al. (2003) found that H21 in LEE-negative 
strains (e.g. 0113:H21) elicited CXC cl~ernokine 
responses cornparable to those achieved by infection 
with the STEC strains themselves. Hence, through induc- 
tion of CXC cl~ernokine responses and I'MN infiltration, 
flagellin rnay indirectly enhance the uptake of Stxs 
across the intestinal epithelial layer. 
The role of Stxs, if any, in intestinal colonization and 
disease in cattle is unknown. Unlike humans, cattle lack 
vascular receptors for E. coli 0157:H7 Stxs, and this is 
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thought to explain why cattle are tolerant to infection 
(I-'ruirnboorn-Brees et al., 2000). However, bovine srnall 
and large intestinal crypt epithelia do contain receptors 
for E. coli 0157 Stxl (Hoey et al., 2002). Despite recep- 
tor expression, Stxs exhibit no cytotoxic activity against 
bovine epithelial cells, apparently due to exclusion of 
the toxin frorn the endoplasrnic reticulum and localiza- 
tion within lysosornes (Hoey et al., 2003). Bovine 
lyrnphocytes have receptors for Stx, and Stxl causes 
apoptosis of bovine B lyrnphocytes and inhibition of 
responses of CD8+ bovine T cells to rnitogens (Menge et 
al., 1999). Stxl rnay possibly contribute to the pathogen- 
esis of STEC infections in cattle by suppressing the 
mucosa-associated irnmune response (Menge et al., 
1999). However, it does not appear to be involved in the 
induction of intestinal secretory and inflarnrnatory 
responses to EHEC 0103:H2 in bovine ligated ileal 
loops (Stevens et al., 20022). By contrast, stx2 alters how 
the infant rabbit rnodel responds to EHEC 0157:H7 
infection by promoting heterophilic infiltration of the 
colonic epithelium and larnina propria (Ritchie et al., 
2003). Furthermore, purified Stx2 induced enteric inflarn- 
rnation and diarrhea in the infant rabbit rnodel (Ritchie 
et al., 2003). 
Quorum sensing mechanisms involved in intestinal 
colonization and virulence 
Several virulence-associated genes in EHEC such as the 
LEE genes, Stx genes and the flagella regulon are acti- 
vated through the bacterial cell-to-cell signaling 
rnechanisrn known as quorum sensing (QS) (Sperandio 
et al., 1999, 2001). The QS rnechanisrn uses hormone- 
like compounds referred to as autoinducers to allow the 
organism to sense cellular density in the environment 
(Surette et al., 1999; Sperandio et al., 2003). In the case 
of the intestine, autoinducers are involved in activation 
of genes essential for colonization (Sperandio et al., 
2003). The QS systern used by EHEC was initially 
reported to be the LuxS/autoinducer 2 (AI-2) systern, 
which is extensively involved in interspecies cornmuni- 
cation; AI-2 is a furanosyl borate diester, the synthesis of 
which requires LuxS (Surette et al., 1999; Schauder et al., 
2001; Chen et al., 2002; Sperandio et al., 2003). LuxS is 
an enzyrne involved in the detoxification of S-adenosyl- 
methionine; in addition, it converts ribose-hornocysteine 
into hornocysteine and 4,5-dihydroxy-2,3-pentanedione, 
the precursor of AIL2 (Schauder et al., 2001; Sperandio et 
al., 2003). EHEC uses two novel regulatory systems in its 
QS cascade, narned QS E. coli regulator A (QseA) and 
QseB and C (Sperandio et al., 2002a, b, 2003). In their 
rnost recent report, Sperandio et al. (2003) found that an 
EHEC 1z~xS mutant, unable to produce AI-2, still 
responded to a eukaryotic cell signal to activate expres- 
sion of its virulence genes. They identified this signal as 
the horrnone epinephrine and dernonstrated that P- and 
a-adrenergic antagonists can block the bacterial 
response to this hormone. Using purified and i n  uitrcr 
synthesized AI-2, they showed that AI-2 is not the 
autoinducer involved in the bacterial signaling. They 
concluded that another, previously undescribed autoin- 
ducer (AI-31, the synthesis of which depends on the 
presence of LuxS, was involved. The results irnplied that 
potential cross-communication occurs between the 
luxS/AI-3 bacterial QS systern and the epinephrine host 
signaling systern (Sperandio et al., 2003). 
Immune responses to E. coli 0 1  57:H7 
The Esp and Tir proteins secreted by E. coli 0157:H7 
play critical roles in the developrnent of the A/E lesion 
and are recognized serologically in human HUS patients. 
Antibodies to the intirnin, Esp and Tir proteins have 
been detected in HUS patients following infections with 
E. coli 0157:H7 and other EHEC (Brunder et al., 1997; 
Chart et al., 1998; DeVinney et al., 1999; Jarvis and 
Kaper, 1996; Li et al., 2000; I-'aton et al., 1998a). Sixty- 
two percent of human HUS patients seropositive for 
antibodies to E. coli 0157 lipopolysaccharide (LI-'S) also 
had antibodies to E. coli 0157:H7 secreted proteins of 
80, 40, 39, 25 and 15 kDa (Chart et al., 1998). E. coli 
0157:H7-secreted proteins of 104 (Espl-'), 37 (EspB) and 
24 kDa (EspA) are recognized by rabbit antiserum raised 
against the Esp proteins (DeVinney et al., 1999; Jarvis 
and Kaper, 1996) and by sera of HUS patients convales- 
cent frorn E. coli 0157:H7 and/or other STEC infections, 
but not by sera frorn norrnal healthy individuals Qarvis 
and Kaper, 1996). Convalescent HUS patients have also 
been shown to contain serum antibodies to Tir (I-'aton et 
al., 1998a) and Espl-' (Brunder et al., 1997) proteins. 
Because the rnajority of human HUS patients are 
seropositive for antibodies to Esp and Tir proteins, this 
is also taken as evidence that these proteins play an 
irnportant role i n  uiuo. A recent study by Li et al. (2000) 
found that HUS patients develop the highest antibody 
titers to the Tir protein. There was little reaction to 
EspA, EspB and Eae in the acute-phase sera, although 
there was sorne reactivity to Tir. By day 8, antibody 
titers to all four proteins were detected in all patients, 
with a very strong response to Tir (a titer of up to 
1:256 000). The antibody titers to all four proteins at 
60 days were decreased, but were still highest to Tir. 
Based on these results, Li et al. (2000) suggested that Tir 
is a promising vaccine candidate and that it rnay also be 
a useful vaccine candidate for cattle. 
Immune responses to E. coli 0157:H7 have the poten- 
tial to reduce colonization of the intestine by blocking 
bacterial adherence and A/E lesion formation. 
Antibodies to LI-'S were shown in one study to block 
adherence of STEC to human intestinal (Henle 407) 
epithelial cells (I-'aton et al., 197812). Hyperirnmune 
serum raised against Tir blocked EHEC attachrnent to 
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HeLa cells (B. B. Finlay, personal communication), a cell 
line cornrnonly used to study A/E lesions induced by 
EI'EC and EHEC (Finlay et al., 1992; Rosenshine et al., 
1996). Gl~aern-Wagl~arni et al. (2001) found that EspA, 
EspB, Tir and intirnin-p were the targets of long-lived 
humoral irnmune responses in Citrohacter rodentiurnn- 
infected mice. In vaccination studies involving 
subcutaneous or intranasal exposure to different intirnin 
subtypes, rnice developed type-specific irnmunity that 
modulated the outcome of C. rodentiurn infection 
(Ghaern-Magl~arni et al., 2001). These results supported 
the idea that intirnin could be effectively used as a corn- 
ponent of an EI'EC or EHEC vaccine. 
Few studies have addressed the irnmune responses of 
cattle to E. coli 0157:H7. Johnson et al. (1996) reported 
on the anti-0157 serological responses of cattle that had 
been experirnentally infected in another study (Cray and 
Moon, 1995). Cray and Moon (1995) had inoculated four 
8- to 10-month-old calves with 1 x 10lo c.f.u. of the 
hornologous E. coli 0157:H7 strain 13-14 weeks after 
the last positive fecal sarnple had been collected. All 
shed the challenge organisrn for at least 2 weeks after 
inoculation, but the calves inoculated only once shed 
significantly rnore bacteria than did those after a second 
inoculation. Cray and Moon (1995) concluded that previ- 
ous infection does not prevent reinfection by the sarne 
strain, although they suggested that an irnmune 
response to the organisrn rnay have resulted in lower 
levels of shedding on the second challenge with the 
hornologous strain. Johnson et al. (1996) reported that 
the anirnals in the Cray and Moon (1995) study had 
precl~allenge antibodies to E. coli 0157 LI'S, and a chal- 
lenge dose of 1 x 0'' c.f.u. induced 'prompt and 
sustained increases in serum antibodies to 0157 LI'S' 
The authors, reportedly, did not find any correlation 
between the titers to 0157 LI'S and protection against 
rechallenge. These data confirm that the cattle had been 
previously exposed to E. coli 0157:H7 with the develop- 
rnent of a detectable irnmune response to 0157 LI'S; 
however, the challenge dose exceeded the level of pro- 
tective irnmunity that had been acquired, and an 
arnnestic irnmune response to 0157 LI'S was elicited. 
The anirnals were not tested for antibodies to intirnin, 
Esp proteins or Tir. 
Laegreid et al. (1998) studied the prevalence of both 
anti-0157 antibodies in the serum and E. coli 0157:H7 
in the feces of naturally infected range beef cattle. In all 
herds studied, the prevalence of these antibodies was 
high, 63-100% of individuals within herds being 
seropositive. The prevalence of E. coli 0157:H7 in the 
feces was also high; the authors did not address whether 
anti-0157 antibodies provided any degree of protection. 
Wray et al. (2000) found that three of six 13- to 30- 
day-old calves developed an increased anti-0157 IgG 
response following experirnental oral inoculation with 2 
X 10'"~f.u. E. coli 0157:H7. By contrast, none of six 
adult Friesian cows developed a significant increase in 
their serum anti-0157 IgG levels following oral inocula- 
tion with 1 C lo9 c.f.u. of the sarne strain, although one 
cow did develop an increased serum anti-0157 IgM 
level. The authors noted that two of the six calves were 
found to be naturally infected with a wild-type E. coli 
0157:H7 strain prior to challenge, and that the carriage 
of this strain did not appear to reduce shedding of the 
challenge inoculum. These authors concluded that 'local 
irnmunity to E. coli 0157 rnay not develop to any 
degree in the intestine and that immunization to reduce 
fecal shedding of this organisrn rnay not be effective'. 
However, these authors did not report on the antibody 
titers to Tir or any of the other secreted proteins known 
to rnediate A/E lesions. 
Sanderson et al. (1999) suggested that cattle rnay 
develop 'sorne level of irnmunity that lirnits shedding' 
(following infection) as an alternative hypothesis to one 
stating that the 'bacterial flora of older calves rnay make 
thern rnore resistant to colonization'. These authors stud- 
ied the length of fecal shedding in four 1-week-old 
calves following three separate oral inoculations of E. 
coli 0157:H7. The calves progressively shed fewer 
organisms following each challenge. Although it was 
suggested that sorne level of irnmunity develops upon 
infection that lirnits shedding in subsequent exposures, 
irnmune responses to E. coli 0157:H7 were not reported 
in this study. 
Although relatively little is currently known about the 
irnmune responses of cattle to E. coli 0157:H7 infection, 
there is scientific evidence that vaccination of cattle with 
antigenic bacterial proteins involved in colonization can 
significantly reduce fecal shedding and prevalence of E. 
coli 0157:H7 in cattle. Several bacterial proteins could 
potentially serve as vaccine targets; type 111 secreted pro- 
teins and intirnin are currently being investigated. 
Vaccination with E. coli 0157:H7 type I11 secreted pro- 
teins were recently shown to significantly reduce the 
numbers of E. coli 0157:H7 shed in the feces, the num- 
bers of anirnals that shed the organism, and the duration 
of shedding in experirnentally challenged cattle (I'otter 
et al., 2004). In the sarne study, vaccination of cattle 
with E. coli 0157:H7 type I11 secreted proteins signifi- 
cantly reduced the prevalence of E. coli 0157:H7 in a 
clinical trial conducted in a typical feedlot setting (I'otter 
et al., 2004). 
Vaccination of pregnant sows with intirnin frorn E. coli 
0157:H7 induced high intirnin-specific irnmune 
responses in the serum and colostrum, and suckling 
neonatal piglets had reduced bacterial colonization and 
intestinal lesions following experirnental challenge 
(Dean-Nystrorn et al., 2002). Recently, a proof-of-con- 
cept study for a plant-based intirnin vaccine intended for 
cattle was conducted in a mouse rnodel (Judge et al., 
2004). Transgenic tobacco plant cells that express the 
carboxy-terminal host cell-binding dornain of E. coli 
0157:H7 intirnin were developed. Mice were either 
irnmunized intraperitoneally with intirnin expressed frorn 
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the plant cells, fed transgenic plant cells, or both. These 
mice developed an intirnin-specific mucosal immune 
response when primed parenterally and then boosted 
orally, and also exhibited a reduced duration of E. coli 
0157:H7 fecal shedding after challenge. 
Collectively, these studies suggest that vaccination 
may be a useful preharvest intervention strategy for 
reduction of the prevalence of E. coli 0157:H7 in cattle. 
Future research to elucidate factors involved in E. coli 
0157:H7 colonization of the intestinal tracts of these ani- 
rnals should also help in the development of other 
intervention strategies. 
Effects of diet and gastrointestinal cell renewal on 
intestinal colonization in ruminants 
The effects of diet on E. coli 0157:H7 intestinal colo- 
nization in ruminants have been both an avenue for the 
development of intervention strategies and a subject of 
controversy. An issue related to diet in ruminants is its 
effects on acid resistance of E. coli 0157:H7 and other 
STEC (Russell et al., 2000). The acid-resistance proper- 
ties of this organisrn are thought to contribute to the low 
infectious dose for humans, which has been estimated 
to be fewer than 700 cells, and possibly as low as 10 
cells (Armstrong et al., 1996; Lin et al., 1996; Shallow et 
al., 1997; Tuttle et al., 1999). The mean pH of the 
human stornach is typically 2.0, and the mean ingesta 
residence time in the stornach is about 1.5 hours (Russell 
et al., 2000). The mean pH of the abornasum of rumi- 
nants is typically 2.5-3.0 (Russell et al., 2000). Most 
isolates of E. coli, including non-pathogenic and labora- 
tory strains, are resistant to pH 2.5 for at least 2 hours, 
and several different rnechanisrns of acid resistance are 
found in these organisms (Gordon and Small, 1993; Lin 
et al., 1997). These rnechanisrns include an acid-induced 
oxidative systern, an acid-induced arginine-dependent 
systern and a glutarnate-dependent systern, and are also 
operative in E. coli 0157:H7 (Lin et al., 1997). 
Although acid-inducible systerns are present, sus- 
tained acid tolerance in E. coli 0157:H7 is not 
dependent upon adaptation, but is induced by stationary 
phase or starvation, and this process requires RpoS 
(Cheville et al., 1996). RpoS is required for the E. coli 
0157:H7 oxidative acid-resistance systern to function, 
and for survival of this organisrn in dry, fermented 
sausage (Cheville et al., 1996; Lin et al., 1997). I-'rice et 
al. (2000) inoculated calves with both a wild-type E. coli 
0157:H7 and an rpoS mutant derivative of this strain; the 
fecal shedding levels of the rpoS mutant were 10- to 
100-fold lower than that of the wild-type strain 
(I-' S 0.05). These authors concluded that RpoS plays a 
role in E. coli 0157:H7 shedding in calves, possibly by 
inducing expression of the glucose-repressed RpoS- 
dependent acid-resistance determinant, and thus 
increasing resistance to gastrointestinal stress. Lin et al. 
(1997) hypothesized that the gastrointestinal environ- 
ment of cattle will induce one or more of these 
acid-resistance systerns in E. coli 0157:H7 and, hence, 
affect their acid resistance prior to introduction into 
food. They also found that once activated, the acid- 
resistance systerns will rernain active over prolonged 
periods of cold storage (Lin et al., 1997). 
The diets cattle are fed can affect the populations of 
acid-resistant E. coli found in the gastrointestinal tract 
and feces of these anirnals (Russell et al., 2000). Cereal 
grains are fermented in the rumen at a faster rate than 
fiber, and significant arnounts of starch pass undigested 
to the colon and are fermented in this location 
(McAllister et al., 1990; Russell et al., 2000). Increased 
arnounts of cereal grains in the diet results in an 
increase in the arnount of starch in the colon, an 
increase in the production and accumulation of colonic 
volatile fatty acids (VFA), reduced colonic and fecal pH, 
and an induction of acid resistance in resident E. coli 
populations (Diez-Gonzalez et al., 1998; Diez-Gonzalez 
and Russell, 1999; Scott et al., 2000; Fu et al., 2003). 
Diez-Gonzalez and Russell (1999) reported that the 
'extreme acid resistance' of E. coli [i.e. resistance to 
acute mineral acid (HC1) shock] is highly correlated with 
the concentration of undissociated volatile fatty acids in 
the growth medium, and this result indicated that pH 
itself was not the inducer. These results were supported 
by Fu et al. (20031, who conducted an i n  uitro study and 
found that the acid resistance (i.e. percent viability after 
acid shock) of a fecal E. coli and E. coli 0157:H7 in pure 
culture showed quadratic responses to increased acetate 
and butyrate concentrations at pH 7.2. Acid resistance of 
E. coli was induced by acetate and butyrate, even 
though the environrnental pH was near neutral. Similar 
results were measured in an i n  uiuo study, where via- 
bility after acid shock was more dependent on VFA 
concentration than on pH. Results from these studies 
demonstrated that culture pH and VFA affect acid 
resistance of E.coli (Fu et al., 2003). 
Diez-Gonzalez et al. (1998) reported that hay feeding, 
which reduces the arnount of undigested starch in the 
colon, decreased the numbers of acid-resistant E. coli in 
the rumen and colon. Cattle fed a 90% grain diet had 
l0"fold more acid-resistant E. coli than cattle fed hay, 
but a brief period (5 days) of hay feeding decreased the 
acid-resistant count substantially (by 6 logs per gram) 
(Diez-Gonzalez et al., 1998). Based on these results, 
these authors hypothesized that if cattle were given a 
brief period of hay feeding irnrnediately before slaugh- 
ter, it would significantly reduce the risk of food-borne 
E. coli infection. Other researchers have found similar 
results when cattle are switched from high-concentrate 
to hay rations. Scott et al. (2000) found that in steers 
switched from a high concentrate ration to 5 days of 
alfalfa hay feeding, the acid-resistant E. coli populations 
decreased from 10 000 to 20 viable cells per gram in the 
feces; E. coli 0157:H7 populations were not measured 
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in this study (Scott et al., 2000). However, Keen et al. 
(1999) conducted a study in 200 head of beef cattle that 
were divided into two groups; one was fed grain and 
the other was switched to hay. Fifty-two percent of the 
cattle that were rnaintained on grain shed E. coli 
0157:H7, but only 18% of the cattle that were switched 
to hay were E. coli 0157:H7-positive ( P <  0.05). These 
results supported the previous report by Diez-Gonzalez 
et al. (1998) suggesting that hay feeding could poten- 
tially reduce EHEC entry into the food chain (Callaway 
et al., 2003). Krause et al. (2003) also studied the effects 
of diet on the numbers of naturally occurring E. coli in 
the intestinal tracts of cattle; they found that E. coli was 
more numerous in anirnals receiving a high-grain diet in 
anirnals on a high-forage diet ( P <  0.051, and the highest 
numbers were in the feces. 
With regard to the effects of hay and grain feeding 
on the length of shedding of E. coli 0157:H7 in rumi- 
nants, different conclusions were found when sheep or 
cattle were experimentally inoculated with E. coli 
0157:H7 (Kudva et al., 1995, 1997; Hovde et al., 1999; 
Tkalcic et al., 2000). In a study in 1- to 2-year-old 
Holstein steers inoculated with lo1' c.f.u. via a gastric 
tube placed directly in the rumen, hay-fed anirnals shed 
E. coli 0157 longer than did grain-fed anirnals, and, 
irrespective of diet, the bacteria were equally acid- 
resistant (Hovde et al., 1999). Russell et al. (2000) and 
Jarvis and Russell (2001) explained that these results 
occurred because of the differences in the pH gradient 
from the culture broth to the colon in the two different 
treatment groups (hay- and grain-fed anirnals), and also 
because E. coli grown aerobically in Lurid broth is 
rnarkedly resistant to mineral acid shock (exhibiting 
'extreme acid resistance'). These authors hypothesized 
that in the hay-fed anirnals the pH gradient was negligi- 
ble and this allowed the cattle to shed for as long as 
76 days; by contrast, in the grain-fed cattle the pH gra- 
dient from the broth to the colon was >1.5 units, and 
the cattle shed E. coli 0157:H7 for only 2-4 days 
(Russell et al., 2000). In another study, calves fed a 
high-roughage diet did not have increased or longer 
fecal shedding of E. coli 0157:H7 after inoculation corn- 
pared with calves fed a high-concentrate diet; however, 
two calves shedding the highest mean concentrations of 
E. coli 0157:H7 were both fed the high-concentrate diet 
(Tkalcic et al., 2000). 
The effect of different grain diets on fecal shedding of 
E. coli 0157:H7 in experirnentally inoculated steers has 
also been studied. The number of anirnals that were cul- 
ture-positive for E. coli 0157:H7 during a 10-week 
postinoculation period was significantly higher for the 
barley-fed group than for the corn-fed group and the 
cottonseed and barley-fed group (Buchko et al., 2000). 
The fecal pH of the corn-fed anirnals was significantly 
lower than that of the anirnals fed the cottonseed and 
barley and barley diets. The authors hypothesized that 
this probably resulted in a less suitable environment for 
E. coli 0157:H7 in the hindgut of the corn-fed anirnals 
(Buchko et al., 2000). 
Although changing the diets of finishing cattle from 
grain to hay rnay reduce the shedding of acid-resistant 
E. coli in the feces of cattle, this strategy has rnarkedly 
detrirnental effects on cattle performance, and for this 
reason alternative intervention strategies have been 
sought; however, other diet-change strategies airned at 
reducing starch intake have had detrirnental effects on 
perforrnance as well. Folrner et al. (2003) conducted two 
experiments to evaluate the effects of three intervention 
strategies on the prevalence of E. coli 0157:H7 in feed- 
lot steers. In both experiments, 432 steers were assigned 
to one of 54 pens. Intervention strategies were two 
Lactobacillus acidophilus competitive exclusion (direct- 
fed microbial) products, and rnonthly pen cleaning. In 
the second experiment, a diet-change treatment was 
imposed prior to slaughter. Diet changes consisted of 
changing from a 33% high-moisture corn, 15% dry rolled 
corn, 40% wet corn gluten feed diet to a 44% corn bran 
and 44% wet corn gluten feed diet in a 2-day change 
period (Folmer et al., 2003). Alfalfa hay and supplement 
were included in both diets at rates of 7 and 5% respec- 
tively. No differences in perforrnance or carcass yield 
were observed for the competitive exclusion products or 
the pen-cleaning treatments cornpared with the control. 
However, changing the finishing diet prior to slaughter 
had large negative effects on steer performance. The 14- 
day diet change at the end of the feeding period 
significantly ( P <  0.01) decreased average daily gain by 
5.6%, decreased hot carcass weight by 2.3%, decreased 
feed conversion by 5.1% and decreased diet change 
period dry matter intake by 10%. In addition, the diet 
change tended to decrease the rnarbling score. A non- 
significant decrease in the prevalence of E. coli 0157:H7 
was observed with the direct-fed microbials, which was 
interpreted to be due to lack of power, because with 
additional observations a statistically significant reduc- 
tion in prevalence was detected (Smith et al., 2004b). 
Magnuson et al. (2000) conducted studies of the 
effects of diet and gastrointestinal cell epithelial prolifer- 
ation on clearance of E. coli 0157:H7 in cattle and 
sheep. The most significant finding was that the rates of 
cell proliferation in the gastrointestinal tracts of cattle, 
especially the lower gastrointestinal tract, were associ- 
ated with the duration of the period for which anirnals 
rernained E. coli 0157:H7 culture-positive. Cattle with 
slower rates of intestinal cell proliferation in the cecum 
and distal colon were culture-positive significantly 
longer than cohort cattle with faster cell proliferation 
rates. The authors suggested that the rates of intestinal 
epithelial cell proliferation could be affected by diet, but 
they were not able to show a difference in effect with 
grain- versus forage-based diets, nor did they find a dif- 
ference in the duration of E. coli 0157:H7 shedding 
between these diets. However, the authors did find that 
a fasting-refeeding regimen increased the intestinal 
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epithelial cell proliferation rates in sheep, and that cattle 
subjected to this regimen were E. coli 0157:H7 fecal cul- 
ture-positive for a shorter time than continuously fed 
cattle. These findings suggested that feeding strategies 
can play a role in the length of E. coli 0157:H7 fecal 
shedding in cattle, although the immune status to E. coli 
0157 LI-'S or the secreted proteins in this study were not 
reported. 
Cray and Moon (1995) noted that 10%.f.u./g is the 
threshold for recognition of adherent layers of bacteria in 
histological sections, suggesting that A/E lesions will not 
be detected unless bacterial counts in the gut lumen are 
quite large. One could also envisage a situation in which 
the presence of natural mucosal irnmunity to A/E proteins 
rnight prevent bacterial adherence even when bacterial 
counts are transiently high in the gut lumen. Magnuson et 
al. (2000) suggested 'The fact that E. coli 0157:H7 can 
persist in the colonic digesta of some anirnals for many 
rnonths suggests that the bacteria associate with the 
mucosa in some way'. These authors suggested that the 
organisrn may perl~aps persistently colonize the crypts in 
some manner other than by A/E attachment. 
Direct-fed microbials, bacteriophage and colicins as 
preharvest intervention strategies 
Several research groups have found that direct-fed 
rnicrobials (DFM), lytic bacteriophages and colicins 
active against EHEC may reduce fecal shedding and 
prevalence of E. coli 0157:H7 in cattle and sheep; the 
most work to date has been done with DFM (Murinda et 
al., 1996; Kudva et al., 1999; Stevens et al., 2002b; 
Brashears et al., 2003a, b; Elarn et al., 2003; Srnith et al., 
2004b). DFM have been defined as feed products that 
contain a source of live, naturally occurring microorgan- 
isms (Elarn et al., 2003). 'I-'robiotic' is a more generic 
term, and has been defined as a live rnicrobial feed sup- 
plement which beneficially affects the host anirnal by 
improving its intestinal rnicrobial balance (Elarn et al., 
2003). DFMs, when used to cornpete with a particular 
organisrn are referred to as competitive exclusion prod- 
ucts (Brashears et al., 2003b). Competitive exclusion 
involves the use of live rnicrobial cultures that exhibit 
antagonistic effects against specific groups of organisms, 
resulting in a decrease in their numbers in the intestinal 
tract (Brashears et al., 2003b). The rnechanisrns by 
which DFMs, such as Lactobacillus spp., could poten- 
tially cornpete with E. coli 0157:H7 in the intestine are 
numerous. Ogawa et al. (2001) noted that lactobacilli 
produce VFA; can enhance specific and total IgA secre- 
tion when used as an oral adjuvant; enhance the 
secretion of specific antibodies against Stxl, Stx2 and 
STEC cells; and have other effects. 
Brashears et al. (2003b) isolated different species of 
lactic acid bacteria from the feces of cattle and found 
several isolates that significantly inhibited E. coli 
0157:H7 in agar spot tests, yet were acid and bile toler- 
ant. Brashears et al. (200322) conducted clinical trials in 
feedlot cattle and found that a Lactobacillus acidophilz~s 
strain (NI'C747) significantly decreased ( P <  0.01) the 
shedding of E. coli in the feces of individual cattle dur- 
ing the feeding period. E. coli 0157:H7 was 
approxirnately twice as likely to be detected in control 
anirnal sarnples as in sarnples from anirnals receiving 
strain NI-'C747. In addition, DFM supplernentation 
decreased ( P <  0.05) the number of E. coli 0157:H7-pos- 
itive hide sarnples at harvest and the number of pens 
testing positive for the pathogen. In a 2-year study 
involving 448 steers, Srnith et al. (2004b) found that cat- 
tle fed strain NIX747 were 35% less likely to shed E. coli 
0157:H7 than cattle in untreated pens ( P =  0.002). Elarn 
et al. (2003) found that cattle fed L. acidophilz~s strain 
LA51 had reduced E. coli 0157 fecal shedding preva- 
lence ( P  < 0.1) and positive hide sarnples ( P  < 0.05) 
cornpared with controls. 
Conclusion 
Since its first recognition as a cause of outbreaks of 
food-borne illnesses 22 years ago, E. coli 0157:H7 has 
been investigated extensively. The irnportance of car- 
riage and shedding of the organisrn by cattle has been 
firmly established and much has been learned about the 
prevalence of this organisrn in cattle and the mecha- 
nisms by which it colonizes. Efforts are under way to 
develop interventions to reduce the extent of coloniza- 
tion of the intestine of cattle by this bacterium. These 
interventions include the use of probiotics, bacterio- 
phages, other feed additives and vaccination. The 
proteins secreted by the type 111 secretion system 
encoded by the locus for enterocyte effacement (LEE) 
are logical targets for vaccination of cattle and some suc- 
cess has been reported in vaccine trials involving 
experimentally challenged cattle and naturally exposed 
feedlot cattle. E. coli 0157:H7 possesses several hundred 
proteins that are not present in non-pathogenic E. coli 
and a large number of these are probably involved 
directly or indirectly in survival of the bacterium in its 
major reservoir. Understanding the roles of these pro- 
teins in colonization is a daunting task, but genornic 
approaches are likely to facilitate the process of discov- 
ery. As understanding improves, the chances of 
controlling shedding by cattle and subsequent infection 
of humans will increase. 
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